Deoxyribonucleic acid (DNA) was extracted and purified from three isolates of Filobasidiella neoformans, representing serotypes A and D, and from two isolates of Filobasidiella bacillispora, representing serotypes B and C. Portions of each DNA pool were labeled in vitro by nick translation. Thermal elution profiles were determined and were used to calculate the thermal elution midpoint temperature and moles percent guanine-plus-cytosine content for each DNA. The thermal elution midpoint temperatures of the five DNAs ranged from 91.3 to 92.9"C, and the corresponding estimated contents ranged from 53.4 to 57.2 mol%. Hybridizations were performed with a.ll possible pairs of homologous and heterologous DNAs. The DNAs of serotypes A and D of F. neoformans demonstrated relatedness values of 87.7 to 93.5%. DNAs of serotypes B and C of F. bacillispora showed 88.5% relatedness. Hybridizations of DNAs of F. neoformans with those of F. bacillispora, however, yielded relatedness values of only 55.2 to 63%, indicating that these DNAs are significantly different. Moreover, thermal elution studies revealed substantial base mismatching in heteroduplexes formed between DNAs of F. neoformans and F. bacillispora. These data support previous conclusions suggesting that F. neoformans and F. bacillispora are closely related but different species.
Deoxyribonucleic acid (DNA) was extracted and purified from three isolates of Filobasidiella neoformans, representing serotypes A and D, and from two isolates of Filobasidiella bacillispora, representing serotypes B and C. Portions of each DNA pool were labeled in vitro by nick translation. Thermal elution profiles were determined and were used to calculate the thermal elution midpoint temperature and moles percent guanine-plus-cytosine content for each DNA. The thermal elution midpoint temperatures of the five DNAs ranged from 91.3 to 92.9"C, and the corresponding estimated contents ranged from 53. 4 to 57.2 mol%. Hybridizations were performed with a.ll possible pairs of homologous and heterologous DNAs. The DNAs of serotypes A and D of F. neoformans demonstrated relatedness values of 87.7 to 93.5%. DNAs of serotypes B and C of F. bacillispora showed 88.5% relatedness. Hybridizations of DNAs of F. neoformans with those of F. bacillispora, however, yielded relatedness values of only 55.2 to 63%, indicating that these DNAs are significantly different. Moreover, thermal elution studies revealed substantial base mismatching in heteroduplexes formed between DNAs of F. neoformans and F. bacillispora. These data support previous conclusions suggesting that F. neoformans and F. bacillispora are closely related but different species.
Recently, Cryptococcus neoformans was found to contain two perfect states, Filobasidiella neoformans and Filobasidiella bacillispora (15, 16). The types of perfect state were shown to be closely associated with their serotypes: namely, isolates of serotypes A and D produced F. neoformans (15), whereas those of serotypes B and C produced F. bacillispora (16). The haploid states of the two species, C. neoformans (serotypes A and D) and Cryptococcus bacillisporus (serotypes B and C), have been carefully compared for their physiological, biochemical, ecological, epidemiological, and genetic differences. The isolates of C. bacillisporus were found to utilize I-malic acid, unlike those of C. neoformans ( 4 ) . The pathway of creatinine metabolism was the same in the two species, but the enzyme creatinine deiminase, responsible for the decomposition of creatinine to ammonia and methylhydantoin, was under ammonia repression in C. neoformans but not in C. bacillisporus (30) . This suggested that only C. neoformans has evolved a specific regulatory mechanism of creatinine metabolism to suit the milieu of pigeon droppings, which are the best known nat-97 ural sources for the species (30) . The natural reservoir of C. bacillisporus is not yet known. Epidemiological studies (3,33) indicated that C. bacillisporus causes about 50% of the cases of cryptococcosis in Southern California but rarely does so in other parts of the United States, whereas C. neo formans-induced infections are nationwide in distribution. Another indication of the differences between the two species was obtained in genetic studies. An intercross produced mostly sterile basidiospores, and in one instance, 30% of the spores germinated but signs of meiosis were not clearly demonstrated (17).
To characterize further the relationship between the two species, the deoxyribonucleic acids (DNAs) of representative isolates of all four serotypes have been purified and examined. We report here the results of base composition determinations and sequence homology studies, which reflect upon the genetic relatedness of these two species.
MATERIALS AM) METHODS Yeast strains. Three isolates of F. neoformans and two isolates of F. bacillispora were used in this study.
INT. J. SYST. BACTERIOL.
Their origins, serotypes, mating types, asexual states, and some important physiological characteristics are listed in Table 1 . The isolates were grown in yeast nitrogen base broth (Difco Laboratories, Detroit, Mich.) (9) with 2% glucose for 48 h on a rotary shaker at 25OC. Cells were harvested by centrifugation and washed three times with saline. About 15 g (wet pack) of each isolate was prepared for DNA extraction.
Preparation of DNA. Freshly prepared pellets of yeast were suspended in a lysing solution containing 8 M urea, 1% sodium dodecyl sulfate, 1 M sodium perchlorate (NaClOd), 0.24 M sodium phosphate buffer (PB), pH 7.0 (an equimolar solution of mono-and dibasic sodium phosphate, NaH2P04/Na2HP04), and 1 mM disodium ethylenediaminetetraacetate, pH 7. DNA isolated by the method described above is relatively free of proteins and ribonucleic acid (8) . As a further precaution, however, it was incubated with 100 pg of proteinase K per ml at 65°C for 1 h. The reaction was stopped by the addition of 1% sodium dodecyl sulfate and 0.4 M NaC1. A portion of this "native" DNA was reserved for in vitro labeling by nick translation. Labeled or unlabeled DNA was sheared with a French press (American Instrument Co., Silver Spring, Md.), applying a pressure of 50,OOO lb/in2. The sheared DNA was cleaned of contaminating press oil by repeated extractions with chloroform. Finally, the DNA solution was dialyzed against 50 mM NaC1-1 mM ethylenediaminetetraacetate, pH 7.5, and concentrated by freeze-drying. The optical density (OD) of each DNA preparation was determined, before shearing, at 230, 260, and 280 nm. The DNA concentration was calculated by using the formula 1.0 OD2W = 50 pg/ml. An absorbance ratio (OD~W/OD~W) of 2.0 f 0.1 was considered to indicate that the DNA preparation was relatively free of ribonucleic acid and protein (6) (7) (8) . Contaminating carbohydrates are effectively removed from DNA adsorbed to HAP during high-salt washes.
In vitro labeling of DNA probes. Purified native DNA was labeled in vitro with all four 3H-labeled nucleoside triphosphates by nick translation techniques described by Maniatis et al. (21) When maximum incorporation was achieved, the reaction was terminated by the addition of 0.4 M NaCl and 0.4% sodium dodecyl sulfate. The 3H-labeled DNA was extracted with phenol-cresol solution and purified by two cycles of HAP chromatography. By these methods, the DNA preparations were labeled to specific activities of approximately 2.0 x lo7 cpm/pg.
Thermal elution profiles.
For determination of thermal elution midpoints [ Tmce,], DNA was adsorbed to columns of HAP and washed (five times) with 0.12 M PB and 0.2% sodium dodecyl sulfate. The temperature was raised by sequential 4OC increments from 60 to 10OoC, eluting the column each time with the same buffer. The radioactivity eluted at each temper ature was measured in a scintillation counter (Beckman LS 250). The T,(,, was calculated as the temperature at which 50% of total counts were eluted in single-stranded DNA molecules (24) .
G+C Content. The guanine-plus-cytosine (G+C) contents were calculated by using the formula of Marmur and Doty (22) This mixture was placed in a sealed capsule, heated to 105 to llO°C for 5 min, and incubated at 65OC for reassociation. Portions were taken at various times to determine the extent of hybridization. In preliminary experiments, no increase in the percentage of hybridization was observed beyond an ECM of about 200. To insure maximal hybridization, the final samples were taken when the calculated E m values were greater than 300. The E c~ is the product of time (seconds) and DNA concentration (moles of nucleotide per liter), corrected for sodium concentration when greater than that in 0.12 M PB (6) . In practice, this value was estimated by determining the product of DNA concentration in OD260 units and multiplied by time in hours divided by two. This value is then multiplied by 5.6495 to correct for the sodium concentration of 0.48 M PB (6). The porportion of counts in single-stranded or double-stranded DNA molecules was determined by HAP chromatography as described previously (2, 8) .
DNA relatedness. The similarity between the DNAs of two different isolates was measured by the relatedness statistic, R, which is a function of the Thermal elution profiles. The thermal elution curves for all of the in vitro labeled native DNAs are depicted in Fig. 1A . The T,(e)'S ( In an effort to explain the disparity between our T,(,t data and the T , data previously reported (10,28) for DNA recovered from isolates of C. neoformans (87.3 to 89.7"C), we performed an additional series of thermal elution experiments. It was apparent that the method of DNA recovery utilized in at least one of the previous studies was conducive to extensive shearing of the DNA molecules in that breakage of yeast was performed with a pressure of 20,000 lb/in2 (10). For this reason, portions of each pool of labeled, native DNA were sheared with a French press and reanalyzed. The thermal elution profdes shifted markedly leftwards as exemplified by the curve in Fig. 1B. The T,(,,'s DNA-DNA hybridization. Figure 2 depicts the mean results of two to four individual sets of hybridization experiments performed with all possible pairs of homologous and heterologous DNAs. The rapidly reannealing component of each reaction was determined by assessing the number of counts in duplex DNA after 15 min (about 3 to 4%) and was subtracted from the final percent hybridization observed in each experiment. In the presence of a vast excess (250 pg/ml) of unrelated (calf thymus) DNA, hybridization of the probe ranged between 1 and 2%.
In the presence of a similar excess of fungal DNA, hybridization of the labeled probe was augmented considerably, reflecting the increased concentration of related sequences. In control experiments self-hybridization of 3H-labeled adenovirus type 2 DNA approached 96%.
The average results of hybridization in homolo- gous reactions with the Filobasidiella DNAs ranged between 78.6 and 85.5%. The results for each of the sets of heterologous reactions were compared with those of the individual homologous hybridizations after normalization to 100% (Fig. 2) . The relative percentages of hybridization ranged between 46 and 98.5%. Two distinct clusters of results are noted. DNA from strains of F. neoformans, viz., 12,430, and 371, exhibited marked homology. Similarly, DNAs from strains 191 and 444 of F. bacillispora were very homologous. Only about 50 to 60% annealing was observed, however, in hybridizations of DNAs of F. neoformans isolates with those of F. bacillispora.
Statistical analysis (1) of these hybridization results was performed to define more accurately the DNA relatedness among the five isolates ( Table 4 ). The DNAs of F. neoformans strains 12, 430, and 371 proved to be closely related to each other (87.8 to 93.5%), as did those of F. bacillispora strains 191 and 444 (88.5%) . The DNAs of F. neoformans, however, were sign& cantly different from the DNAs of F. bacillispora in that only 55.2 to 63.0% relatedness was observed.
DNA relatedness is also reflected in the thermal elution profiles of DNA heteroduplexes. Sequences that are sufficiently similar to anneal may still contain regions of base mismatches. This would be manifested as denaturation and elution from HAP at lower temperatures. Table  3 displays the Tm(e)'s for homoduplexes of the five sheared DNA isolates. Also shown are the differences in Tm(e)'s [ATmce)] for all combinations of heteroduplexes. It is readily appreciated from the data that the absolute magnitudes of the ATm(e)'s can be distributed into the same two clusters that were defined by the hybridization analysis. Heteroduplexes formed by reannealing of DNAs from isolates within the same species demonstrated small differences in Tmce) from that of the respective homoduplexes. Heteroduplexes formed by reannealing of DNAs representing different species had Tm(e)'S 10 to 11°C below that of their respective homoduplexes, indicating about a 15% base mismatch within hybridizing fragments (7).
DISCUSSION
These nucleic acid composition and homology studies were undertaken in an effort to augment the morphological, genetic, biochemical, and serological data upon which the classification of two FiZo basidiella species is currently founded. The previous studies (3, 4, 15-18) summarized in Table 1 indicated that the genus Filobasidiella includes two closely related but different species: F. bacillispora and F. neoformans.
The present experimental results are in general agreement with the previously published data. By base composition analysis, representatives of all four serotypes appear to be related. The calculated G+C contents range from 53.4 to 57.2 mol%. These values are substantially higher than those previously reported for C. neoformans (43.0 to 51.5 mol%) (10, 28, 32) . Three factors may explain these discrepancies. First, some investigators may have utilized techniques which resulted in preparations of DNA which were grossly contaminated with ribonucleic acid, protein, and especially cell wall polysaccharides. Erke and Schneidau (10) acknowledged that contaminating substances which absorb at 260 nm were probably responsible for the aberrant melting profile data upon which estimates of their G+C contents were based. The method of DNA extraction and purification used in this study yielded DNA with optimal O D~W / O D~~ ratios and sharp, reproducible thermal elution profiles (Fig. 1A) . A second cause for the lower estimates of G+C content in previous studies may have been the use of sheared DNA. Erke and Schneidau (10) utilized pressures of 20,000 lb/in2 to disrupt the cells. Figure 1B and (Fig. 2, Tables 3 and 4) . About 60% of the sequences of DNAs from members of one group of isolates can stably anneal with DNAs of the other group. However, within these annealed heterologous sequences there are regions of about 15% base mismatch, as indicated by ATmc,)'s of 10 to 11°C ( Table 3) .
DNA homology studies have been utilized increasingly to clarify the taxonomy of yeasts as well as that of other organisms (2,lO-12,22,25-29,31,32) . Although it is difficult to select DNA relatedness values which can be used for delineation of species, it has been generally accepted that values of 25% or less characterize different species, whereas values of 80 to 100% indicate that the strains belong to the same species (31).
The relatedness values for heterologous reactions between members of the two different species studied here are all about 60% ( and 6076, indicating that these yeasts are more closely related to one another than some other species of Hanseniaspora or KZoeckera are to each other.
The interpretation of intermediate levels of DNA relatedness has been discussed recently by Kurtzman et al. (14) . They argue cogently that DNA relatedness is an important determinant of species boundaries but that it must be viewed in the context of the entire set of studies on the organisms in question, particularly those per-taining to mating. Based upon the levels of relatedness observed here, one may propose that F. neoformans and F. bacillispora are two varieties of the same species. However, ecological, epidemiological, genetic, and biochemical differences argue that classification within the same species is inappropriate. It appears that a varietal status can be mandated only if future studies detect evidence of meiosis in interspecific crosses. For the present, it must be concluded that F. neoformans and F. bacillispora are closely related but distinct species.
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